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ABSTRACT

Long-wave radiation loss maps, based on Explorer VII measurements of terrestrial radiation at night, are analyzed

and compared with composite nephanalyses and frontal analyses.

Results indicate a definite relationship between the

radiation centers and their corresponding surface low and high pressure centers, their locations, 24-hour intensifica-
tions and movements, and the conformity of these movements to the 500-mb. geostrophic flow. Some of the potential

applications to analysis and forecasting are noted.

1. INTRODUCTION

The radiation-balance experiment aboard the Interna-
tional Geophysical Year satellite, 1959 Iota (Explorer
VII) was developed by a University of Wisconsin team
and is described in [8].

The primary purpose of the experiment is to measure
the solar, reflected, and terrestrial radiation currents to
obtain the radiant heat flow to and from the earth, and
ultimately to obtain a clearer understanding of the
driving force behind the circulation of the atmosphere.
Observations of the long-wave radiation currents from
the shadow zone portion of the earth measured by the
omnidirectional bolometer were used to draw composite
radiation loss maps. The relationship of these maps to
other meteorological analyses and parameters and their
application to analysis and forecasting are deseribed in
this paper.

1 This research was supported by the National Aeronautics and Space Administration
under contract no. NASw-65 and the National Academy of Sciences as part of the Inter-
national Geophysical Year.

2 A portion of the material contained in this paper is from a thesis by Melvin Weinstein
submitted in partial fulfillment of the requirements for the degree of Master of Science at
the University of Wisconsin.

3 Present address Air Weather Service Member, Meteorological Satellite Laboratory,
U.S. Weather Bureau, Washington 25, D.C.

2. LONG-WAVE RADIATION LOSS MAPS
RADIATION OBSERVATIONS

The satellite’s orbit is inclined 50.3° to the earth’s
equator and varies in altitude from 1,100 km. at apogee
to 550 km. at perigee. During the period studied, early
December 1959, the satellite came out of the sun at 50°
N., traveled southeastward and entered the sunlight zone
in the Southern Hemisphere. The orbital period is 101
minutes and radiation observations are taken every 42
seconds, during which the satellite travels 2.5° of latitude
(fig. 1). Limitations of this orbit are the restriction of
observations to between 50° N. and S., the variation
of local time along the orbit, and scarcity of observations
at lower latitudes.

The spherical sensor integrates the radiation received
from the entire field of view. The amount received from
a unit area of the earth is weighted according to its posi-
tion with respect to the satellite, being inversely propor-
tional to the square of the distance from the point on
earth to the satellite and directly proportional to the
cosine of the angle between the local zenith and a line
to the satellite as observed from that point [3]. For
example, at satellite altitude of 700 km. the total radius
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Ficure 1.—Long-wave radiation loss map, December 1, 1959. Lines are isolangleys, connecting equal long-wave radiation loss values in
Langleys per minute X 1073,

Surface pressure centers and fronts are composite to the satellite passage time.

Surface pressure centers,
marked by circles, are designated L for Low and H for High, plus an Arabic number (thus L—1). Radiation centers, marked by squares,
are distinguished from surface centers by the inclusion of R ¢thus L-R-1 is radiation Low number 1 which is associated with surface
Low L-1). Satellite observation points and orbit path are shown by dots.
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Fieure 2.—Composite nephanalysis, December 1, 1959, based on 6000, 0600, and 1200 amt surface maps. Overcast (OVC) areas are
enclosed within solid lines. Broken lines separate the clear to scattered (SCTD) areas from the broken, 5/8 to 7/8 (BRKN).
lines indicate the actual cloud area edge is unknown due to lack of data.
300-mb. chart.

Wavy
Arrows show regions of maximum winds, from the 0000 amr,
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Fraure 3.—500-mb. map, 1200 amr, December 1, 1959.

of the circular area viewed on the earth is 25.8° of latitude
(2,855 km.) measured from the subsatellite point. How-
ever, 50 percent of the radiation comes from a relatively
small area whose radius is 6.6° of latitude and which
comprises only 7.6 percent of the total area viewed.
Nine-tenths of the radiation comes from only 33.2 per-
cent of the area viewed [4]. As a result, the changes in
radiation are heavily weighted toward the area just
below the satellite.

The surface of the earth or of a cloud radiates essentially
as a black body. A portion of this radiation is trans-
mitted through the atmosphere and the remainder is
absorbed by atmospheric gases, principally CO,; H,0,
and O,;. The atmosphere itself reradiates encrgy. In
fact, most of the energy leaving the top of the atmosphere
comes from the atmosphere itself. Nocturnal radiation
measurements were used in this study because radio
reception from the satellite is much better at night when
there is greater ionospheric transparency. This results
in more data and better global coverage. In addition,
calculations for the nighttime case are much simpler
because the white hemisphere is measuring only long-wave
radiation.

The bolometer is a thin hemispherical shell thermally
isolated from a mirror large enough so that no part of the
satellite itself is seen by the bolometer. Since the satellite
is spinning rapidly on an axis parallel to the mirror surface,
the hemispherical bolometer acts like a sphere in space.
The heat transfer by conduction and long-wave radiation
to the mirror is small but not negligible compared to
radiative transfer from the earth and to space. The
energy balance equation for a spinning mirror-backed

hemisphere in space in the shadow zone of the earth

.reduces to

oT
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where 12 1 is the total radiation received by the bolometer,
8 is the solid angle to the earth, « and e are the infrared
absorptivity and emissivity of the sensor, ¢ the Stefan-
Boltzmann constant, H a term equivalent to the time
constant of the sensor, and K the thermal conductivity
between the temperatures of the sensor (7,) and the
mirror (T,,).

Actually H 1s a function of temperature because the
heat transfer process, principally radiation, is temperature
dependent. K is also temperature dependent because
there is radiation exchange between the inside of the
hemisphere and the mount. However, in order to sim-
plify the hand calculations, both If and K are assumed to
be constant. Even so, since a=e¢ from Kirchoff’s law,
the value of the first term in the brackets, the greatest of
the three, is determined by the absolute temperature T,
A most pessimistic value of its error would be +1 °C.;
a more likely value is about one-fourth of that. However,
even an error of 1° C. would give rise to an error of only
2.5 percent in the final value of 7. The satellite
altitude and therefore the solid angle 8 is known to good
accuracy. An error of 100 percent in K will give an error
of 10 percent in the final result. Finally, while at equi-
librium the second term goes to zero, it might be significant
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Fiaure 4.—Long-wave radiation loss map, December 2, 1059,

(See fig. 1 for legend.)

Freure 5.—Composite nephanalysis, December 2, 1959,

just as the satellite comes out of the sun. One is tempted
to say, therefore, that the radiation values at 50° N. are
probably too high. Our feeling is that it is best to await
the more complete calculations being done on a computer.
However, it will be a surprise if they differ by more than
10 percent from what we are showing here. In any case

(See fig. 2 for legend.)

these results are sufficient to show changes in the patterns
of outgoing radiation.

Thus the radiation observation values used in the
long-wave radiation maps are probably within 10 percent
of the absolute values. However, the values for three
maps which do not cover the complete hemisphere should
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Fravre 6.—500-mb. map, 1200 aMt, December 2, 1959.

not be used for comparison with average hemispheric
values. From a synoptic point of view, the radiation
observations are extremely useful because they are com-
parable to each other relatively so that the radiation
patterns and their continuity have meaning.

ANALYSIS PROCEDURE

Because the spherical sensor integrates the radiation
over a large segment of the earth, it is possible to draw
a composite radiation map using data {rom successive
satellite orbit paths, even though there is a time difference
of 1 hour and 40 minutes between orbit paths. Lines
of equal long-wave radiation loss, in Langleys per minute
X 107% (isolangleys) are drawn on the radiation map,
using the same principles as those for drawing isobars
on a surface map or contours on an upper air map.

Since the radiation maps are not synoptic, composite
surface frontal and nephanalysis maps, which coincide
as closely as possible with the times of the radiation
observations, are constructed based on National Weather
Analysis Center analyses. The composite nephanalysis
is drawn separating overcast, broken, and clear to scattered
areas. Fog and sky-obscured reports are considered
as overcast. The lack of data over oceanic and tropical
areas is a limiting factor to both composite analyses.

First the radiation maps were drawn as completely
and independently as possible. The composite nepha-
nalyses were then drawn. In the areas north of 35° N.
to 40° N, where there were sufficient data for independent
radiation and nephanalyses, the close relationship be-
tween the two analyses was apparent. Hence the nepha-
nalysis, where available, was used to supplement the

radiation analysis in those areas where data were sparse,
While not an ideal method, it was considered best in
these few, early radiation maps to permit as much study
as possible of their potential value. With increased
density of radiation observations, a completely independent
radiation map could be drawn. ’

It is interesting to note that in those large sections of
the oceans and Tropics where there are no surface obser-
vations for a nephanalysis, the major source of data was
the satellite radiation observations. Because of the large
gaps between orbit paths in the Tropics, interpolation
in drawing isolangleys is difficult. Here 24-hour con-
tinuity in radiation observations proves invaluable.

3. RADIATION MAP FEATURES AND RELATIONSHIPS

The fact that clouds dominate in determining the radia-
tion pattern is apparent when comparing the radiation
analyses (figs. 1, 4, and 7) with the nephanalyses (figs. 2,
5, 8) in those areas north of 40° N. where data were
sufficient for their independent analysis. Since most
mid-latitude extensive cloud systems of variable vertical
development are caused by surface low pressure centers
and [ronts, the resulting radiation map patterns also
reflect these sources. Where the surface Low or front
is most intense, the cloud tops are higher and colder,
and the outgoing long-wave radiation is less. As the
cloud tops lower, the radiating temperature rises and the
amount of radiation measured by the satellite sensor
increases. On the radiation map this results in a radia-
tion Low over the area of maximum cloud development,
and higher isolangley values over the area of lower cloud
tops. The highest radiation readings are found over
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Fiaure 7.—Long-wave radiation loss map, December 3, 1959.

(Sce fig. 1 for legend.)
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Fiqure 8.—Composite nephanalysis, December 3, 1959.

(See fig. 2 for legend.)
the central and eastern sections of surface Highs where

clear to scattered conditions generally prevail.

this occurring in 24 of the 25 cases for which data are
available (fig. 11).
From the above relationships, one would expect to

find the radiation low center east of the mid-latitude
surface low center and the radiation high center east of

An example of the usual relationship is radiation Low
the mid-latitude surface high center; and one does find

I.—R-1, located southeast of surface Low L-1 and the
associated Pacific occlusion on December 3, 1959 (fig. 7).
It is interesting to note that the orientation of the radiation
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Fraure 10.—500-mb. map, 0000 aMmT, December 4, 1959,

Low and trough parallels the occlusion and area of
maximum intensity, and the radiation pattern’s spiral-like
extension northwestward resembles TIROS cloud photo-
graphs of occlusions.

In addition to frontal location, the radiation trough,
by its sharpness and strength of isolangley gradient,
indicates frontal intensity, and by the interdiurnal

change in these criteria, 24-hour frontal changes. An
example is the cold front which starts in northwestern
Canada from the remnants of an old occlusion and extends
southwestward into the Pacific (fig. 1). The radiation
map correctly indicates that the front is stronger in the
region where its clouds produce L-R-4 and the sharp
radiation trough to its southwest, weaker through the area
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where radiation High H-R-3 reflects only clear to scat-
tered clouds (fig. 2), and again more intense as it becomes
a warm front leading into the unstable wave of surface
Low L~1 where the radiation trough strengthens toward
IL-R-1. The weakening of the radiation trough off the
Pacific coast on December 2 (fig. 4) reflects the decreased
activity of the surface cold front.

The entire radiation trough pattern from I-R-4 to
IL-R-1 and then southwestward resembles a cyclone
“family’” and, in fact, is the radiation map reflection of one.
The development of family ‘“member’’ L—1, from an un-
stable wave to an occlusion can also be followed on the
radiation maps during the succeeding days.

The arrows representing the pattern and location of
maximum winds on the U.S. Weather Bureau 0000 awmr
300-mb. maps have been plotted on the nephanalyses.
On December 1, 1959, (fig. 2) the maximum upper wind
and frontal patterns conformed to that given by [10] and
[2] for the relationship of the jet stream to a cyclone
family. Again, the radiation patterns of Lows and
troughs show the same relationship to the jet stream as do
the surface Lows and fronts of the cyclone family.

While a radiation Low is usually the reflection of a
surface Low or front, it can also be caused by a cold or
snow surface or an extended sheet of high clouds. Both of
these sources may generally be distinguishable by radiation
map analysis and continuity. There are no snow surfaces
indicated in this series of maps. However, it is very likely
that extended sheets of high clouds caused the tropical
radiation Lows which are not related to identifiable
synoptic features. Such large areas of high clouds in the
Tropics have been reported by [1, 7, 5, 9]. It is felt that if
there were sufficient radiation observations above an
easterly wave, the resulting radiation pattern would show
a minimum over the high clouds in the convergence area.
Synoptic data available do not indicate any easterly
waves for these dates.

4. 24-HOUR CHANGES IN INTENSITY

During the intensification of a surface or upper air
Low there is an increase in size, vertical development,
and meridional expansion of the cloud pattern. These
changes are reflected in the radiation pattern.

The changes in value of the radiation center reflect the
interdiurnal change in intensity of its surface counterpart
for five of eight high centers and four of six low centers
studied here (figs. 11a and b). Reasons for the “misses”
are difficult to determine but some possiblities are: the
pressure changes may have been too small to result in
changes in clouds and radiation intensity; the clouds may
already have been at maximum height. From the limited
examples available, one can say that in all four cases
when the 24-hour change in magnitude of the surface Low
was greater than 10 mb., the change in radiation Low
intensity was in the same sense.

Intensification of a surface center is also indicated by
24-hour shifts in the relative positions of its related radia-
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TaBLE 1.—Surface and radiation cenier motions

500-m:b. geostrophic wind
24-hr. 24-hr.
Radiation motion Surface motion
center (kt.) center (kt.) At radiation | Padiation cen-
center location | ter motion/V,
(kt.) (percent)
December 1-2, 1959
H-R-1.._.__. E11_ None
H-R-2._____ E 22 2 . ENE 25 W40 . 55
H-R-3..___. SE19_______
II-R-4._.___. NE20.. ____ H-4to JI-2__ [ Light . ____
II-R-5____._ 16 ... H-5_________ SSE 16 NNW35_ ... 46
I-R-6.._._.
H-R-7.____. ESE 21 H-7 . ____ ESE 22 NWd45 .. 45
L-R-1._.___ NE 26 L-1.____ . __ ENE 24 WSOW 45 ... 53
L-R-2._.___ E 35.__....__ L-2.______. E 35.._._. WEW 60 ____ 58
L-R-3 E 15 ..
L-R-4 ENE 26 L4 . ... ENE 26 SWes.______ 40
L-R-5.._.._ NNE 19
L-R-6___.._ E25_ . . __
L-R-7___._. ESE 15 ... L-7. .. SE14__.._ W35 .. 43
L-R-8
Decerrter 2-3, 1959

H-R-1._.... E11. !
H-R-2...___ 20 __ _ H-2 _____ .. ENE 32 WNW 50..___ 58
H-R-3..____ SE27. . . __
H-R-4__.____ NE20._. _. H-4to I1-2..| NE 22 NwW20..______ 100
H-R-5_ SE10_..___. H-5__.._.___ SE 11_.... NW30......_. 33
H-R-6.____.
H-R-7...___
L-R-1__ NE 36 ) P S NE 42 SWS80... . _. 45
I-R-2__
L-R-3.__._. 17
L-R—4 WSW 75.__.__ 41
L-R-5.__...
L-R-6__

R

R

L“?‘;

_--.| Upper Low extends to 360 mb.

tion center. For example, radiation L.ow L-R-7 moved
from southeast to north-northeast of its intensifying sur-
face Low from December 2 to 3, 1959 (fig. 11a). Limited
data I the Pacific indicate that L-R—1 was located east-
southeast of surface Low I.-1 on December 1, moved to
its east-northeast on the 2d, and then to its southeast
after occlusion tock place. On both dates 1.-1 deepened.
Reasons for the last change are not readily apparent.
With an intensifying system such as I.-1 moving north-
eastward, one would normally expect some northward
motion of the radiation Low relative to the surface Low,
reflecting the movement of highest clouds. However, in
this case, the radiation Low and trough were apparently
in the region of most intense convergence and vertical
motion just ahead of the surface position of the occlusion
(figs. 7, 9, 10). It was also noted in the few available
cases that radiation Lows related to surface Lows which
were weakening or not changing retained their same rela-
tive position. L-2 and I.—4 and their radiation Lows are
good examples,

Another indication of surface Low intensification, based
on radiation map data alone, is the change in orientation
of a radiation low pattern from east-west to north-south
coupled with a decrease in magnitude of the radiation
center. This cccurred with L-R-1 and L-R-7 over the
3 days of maps. The reverse applies to a weakening sys-
tem, as exemplified by L-R-2 and L-R—4.

5. 24-HOUR MOTION AND 500-MB. GEOSTROPHIC
FLOW

Figures 11a and b and table 1 show a possibly useful
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Ficure 11.—(a) Surface and radiation center continuity, December 1-3, 1959. The surface pressure center locations are indicated by
circles, their values in millibars are underlined, and their 24-hour locations are connected by a dashed line, The radiation eenter loea-
tions are indicated by squares, their values are in Langleys per minute X 1073, and their 24-hour locations are connected by a solid
line. (b) Additional surface and radiation center continuity, December 1-3, 1959.

relationship between the_interdiurnal movements of the complicated by H—4’s becoming absorbed in surface High
mid-latitude surface and associated radiation Lows and H-2. The 24-hour movements of all seven radiation Lows
Highs. The 24-hour motion of six of the seven radiation followed that of their surface Low within these same limits.
Highs available for study was within about 20° and 10 A positive relationship is found between the 24-hour
kt. of that of their related surface system. The seventh motion of the radiation low center and the average 500-
example, comparing the motions of H-R-4 and H-4, is mb. geostrophic wind velocity over its area of motion.

61334261
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Computations were made from contour spacings on the
National Weather Analysis Center 500-mb. maps for
December 1 through 4, 1959 (figs. 3, 6,9, 10). The motions
of four of seven radiation Highs were within 20° of the
direction and between 40 and 60 percent of the speed of
the related 500-mb. geostrophic wind velocity (table 1).

The radiation Lows’ motions show even better correla-
tion. Six of the seven cases for which data are available
were within these limits. The seventh case involves the
intense surface Low I—-7 and radiation Low L-R-7 on
December 3. A closed Low also developed in the upper
air maps to at least 300 mb. (highest level available for
study) and hence the 500-mb. level cannot be considered
a “steering” map for that system.

These results indicate that the radiation low center’s
motion could be used to determine the 500-mb. flow
pattern, and the approximate location of the corresponding
surface Low center, its movement, and possible changes in
its intensity.

The cirrus clouds causing the tropical radiation Lows
were probably between 12 and 16 km. Although the 500-
and 300-mb. analyses extend only to 15°-20° N., the
contour pattern indicates the westerly flow continued
farther south at these and higher levels, causing the
generally eastward motion of H-R-1, -R—5, and 1.-R-6.
L—-R-3 could have been under the influence of the equa-
torial westerlies which, according to [6], can extend. to
16 km. These subtropical centers also showed good
continuity (fig. 11a).

6. CONCLUSIONS

The relatively simple omnidirectional white radiation
sensor aboard Explorer VII measures long-wave radiation
at night which, when converted to Langleys per minute,
can be used to produce radiation maps. In mid-latitudes,
where adequate data exist, the radiation pattern is consis-
tent with the nephanalysis pattern and with synoptic
features. Analysis techniques are similar to those
presently used for surface and upper air maps.

The radiation map appears to offer many aids to analysis
and forecasting, particularly for areas of sparse data,
which should be confirmed by further study. Best
results are for the mid-latitude low center relationships.
The radiation low center gives an approximation of the
location, motion, and change of intensity of the surface
low center. In addition, in limited areas where the direc-
tion of motion of the radiation Loow is available, the upper
air pattern and 500-mb. winds may be approximated.
A special synoptic situation, the cyclone family, is
recognizable and the general location of the associated
maximum winds may be determined. In all latitudes the
radiation analysis whether determined by radiation data
alone, nephanalysis alone, or a combination of both, shows
good continuity (figs. 11a and b).

It may also be possible to determine vertical motion
patterns from the radiation map patterns, particularly
when combining the low resolution, quantitative radiation
map figures from Explorer VII with the high resolution,
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qualitative cloud pictures from TIROS. Research on

this relationship is being conducted at the University of

Wisconsin.

Radiation measurements from two satellites in polar
orbits would increase observation density and make the
maps more nearly synoptic, increasing their accuracy and
value. Data storage capability aboard a single satellite
would make it possible to have radiation maps for the
entire earth using just single, or a few, readout stations.

The conclusions arrived at are based on data not always
as complete as desirable and on maps which are both non-
synoptic and few in number. However, these limitations
are mitigated by the consistency of the relationships over
the 3-day period and, in the northern latitudes, by the
density of radiation observations which lessened subjectiv-
ity.
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